Quite recently a novel variety of unconventional fourfold linear band degeneracy points has been discovered in certain condensed-matter systems. Contrary to the standard 3-D Dirac monopoles, these quadruple points referred to as the charge-2 Dirac points are characterized by nonzero net topological charges, which can be exploited to delve into hitherto unknown realms of topological physics. Here, we report on the experimental realization of the charge-2 Dirac point by deliberately engineering hybrid topological states called super-modes in a 1-D optical superlattice system with two additional synthetic dimensions. Utilizing direct reflection and transmission measurements, we exhibit the existence of super-modes attributed to the synthetic charge-2 Dirac point, which has been achieved in the visible region for the first time. We also show the experimental approach to manipulating two spawned Weyl points that are identically charged in synthetic space. What's more, topological end modes uniquely resulting from the charge-2 Dirac point can be delicately controlled within truncated superlattice samples, opening a pathway for us to rationally engineer local fields with intense enhancement.
crystals whose band structures display linear band degeneracy points, a great deal of theoretical and experimental interest has been attracted in exploring such materials known as topological semimetals. The corresponding gapless semimetal phases are regarded as novel topological states, which open a new era in investigating condensed matter physics. Substantial attention is engaged by Weyl points (WPs) [1] [2] [3] [4] [5] [6] and 3-D Dirac points (DPs) [7, 8] . WPs that reported actively in electronic systems are identified as synthetic magnetic monopoles in momentum space, carrying topological charges (Chern numbers) of 1  and featured by "Fermi arc" surface states [9, 10] .
DPs can be viewed as two overlapping WPs with opposite topological charges, predicted and observed in crystals as well. However, it has been recently demonstrated that unconventional topological points appear in certain crystal structures [11] [12] [13] [14] [15] [16] [17] [18] [19] , which cannot be described in accordance with an emergent relativistic field theory. On such candidate is the charge-2 Dirac point (CDP), existing as a double-Weyl phonon in transition metal monosilicides [15, 16] . It's generated by merging a pair of identically charged WPs, and hence possessing the topological charge of 2  . Consequently, CDPs are radically distinct from traditional DPs and can give rise to novel physical phenomena.
While topological semimetals found in nature exhibit exotic phases of matter, great process in understanding such band topology has also been impelled by the research on engineered systems. The core idea of engineering lattices is to create emergent band structures analogous to those formed in electronic crystals, which can be highly tunable and have fundamentally discriminative properties, providing us unprecedented opportunities of studying topological physics. Recent developments of experimental techniques have propelled ultracold atomic gases [20, 21] , photonics [22] [23] [24] [25] [26] [27] [28] and acoustics [29] [30] [31] [32] as promising systems to engineer WPs and DPs with novel emergent properties. Constructing complex 3-D structures with certain symmetry broken is perceived as the most common strategy [22] [23] [24] [25] [26] [29] [30] [31] , whereas another route to realize topological points is based on synthetic space [32] [33] [34] [35] [36] [37] . The interest of the latter is fueled by the capacity to study topological features of these 3-D degenerate points in 2-D (1-D) systems via introducing controllable artificial dimension(s) in addition to the real spatial degree(s), and thus simplify experimental designs [20, 28, 32, 36, 38, 39] . Either of the methods has been extensively exploited for WPs and DPs in the recent years. Nevertheless, as for the CDP, the only engineered system supporting it reported so far is made up of an acoustic metamaterial corresponding to a classical 3-D phononic crystal with a non-symmorphic structure [40] . To our knowledge, engineered systems have not yet been established to realize CDPs in the optical frequency regime, neither has the concept of synthetic space. Here, we propose an experimentally acceptable scheme to realize CDPs in a 1-D optical superlattice system with working frequencies lying in the visible region harnessing synthetic dimensions, and manipulate the spawned WPs with the same topological charges. For attaining this it is crucial to design suitable photonic modes interacting with each other to form a 1-D superlattice as the first step.
Instructively, interfaces between distinct topological phases of matter host robust and exotic quantum states, the use of which acts as a strong driver of current research in condensed matter [41] [42] [43] [44] [45] . Hence, we stack together two kinds of photonic crystals (PCs) belonging to different class of topology to create such topological interface modes (TIMs), and on this basis topological states of photons associated with CDPs can be fully investigated under the introduction of synthetic space, facilitating the experimental realization which is otherwise elusive at such frequencies.
Furthermore, intriguing topologically protected end modes emerge at the termini of the truncated superlattice, guaranteed by the CDP with nonzero topological charge.
More precisely, these end modes uniquely result from the bulk-edge correspondence [46] for each of the two WPs producing the CDP in synthetic space, which in turn could be tuned independently. Such topological end modes resemble surface states in Weyl semimetals [2, 3, 6, 10] , holding great potential for applications in nonlinear optics [47] , quantum optics [48] , and lasers [49] owing to strongly enhanced localized fields.
The rest of the paper is organized as follows: In Section II, we reveal the design 4 / 28 concept of the realization of CDPs in our work. In Section III, we elaborate on the approaches to modulate one single TIM along with the interaction between two TIMs.
In Section IV, we focus on the strategy to create the CDPs and spawned WPs in synthetic space. In Section V, we explore the topological end modes based on the established superlattice system. We conclude and discuss in Section VI.
Section II. Design concept of the creation of CDPs
The starting point of our scheme is to construct a 1-D topological superlattice by use of TIMs existing at interface of two PCs with discriminative topological class.
Specifically, our lattice consists of these two PCs stacked alternatively, in which each interface supports a TIM that hybridizes with each other to form a novel variety of artificial collective modes, resulting in a 1-D superlattice band structure where a single TIM serves as the photonic orbital. Similar heterostructures have previously been rendered for topological insulator superlattices [45] and grapheme nanoribbons [43, 44] .
For CDPs to occur, we require two more dimensions added to the wave vector dimension provided by the existing 1-D superlattice. It's noticeable that the coupling of nearest-neighbor TIMs, inclusive of both the magnitude and the sign, can be feasibly tuned by altering the repeated number of the PC's unit cell between adjacent interfaces. Moreover, the on-site resonance frequency of a TIM can be highly controllable if we put a defective unit with adjustable thickness at the interface.
Therefore, the modulation of the coupling between adjacent TIMs and the on-site frequency of a single TIM is readily available, which allows us to parameterize these two variables and treats them as two artificial momentum dimensions. Through meticulous design, WPs can thus arise in such 3-D synthetic space owing to the hybrid modes designated as the super-modes, but the realization of CDPs begs for the overlap of two equivalently charged WPs. To this end, we exploit the polarization degree of light. The fact that TIMs response discriminately to TM and TE polarized light appends a so-called 'pseudospin' degree of freedom to the synthetic space, and the appearance of a CDP is finally achieved by merging a pair of WPs with the same topological charge but different pseudospins. Surprisingly, the CDP can conversely be split into two spawned WPs in synthetic space, whose trajectories are tunable via utilizing the pseudospin degree. Such procedure has never been revealed in practice prior to us, offering the evidence that our proposed artificial systems are used to not only explore topological excitations discovered before, but also navigate a way of studying novel phenomena. In particular, we design an applicable and smart strategy to detect the CDP and spawned WPs straightforwardly, which has never been reported before us.
Section III. Modulations of the TIMs
In this section, we put forward the methods to manipulate the on-site resonance frequencies, coupling effects, and their pseudospin dependence of the TIMs, all of which are essential for the emergence of CDPs as we argued above.
A. The adjustability of the single TIM
We first provide a detailed introduction to the proposed structure for a single TIM.
As shown in Figure 1 exhibits the calculated spatial distribution of the electric field profile for the associated state of Sample II, from which we can see that such state decays rapidly away from the position of D-a distinctive signature of the TIM. We can also see that the TIM peak of sample III lies at the lower frequency than that of sample II in Figure   1 is noticeable that the splitting between TM (red) and TE (blue) polarized TIMs increases monotonically with the increment of x k , matching well with the calculated results (solid lines). Therefore, such splitting between TM and TE polarized TIMs affords us another degree of freedom to manipulate the TIMs.
B. Coupling signs and magnitudes between two TIMs
Next, we investigate the effects of q-type and p-type PCs as the coupling channel between two TIMs. As shown schematically in Figure 2 (a), each structure is made up of stacking PCs (p-type and q-type) separated by two defective units. With the same notation in Figure 1 (a), two designs in Figure 2 (a) can then be denoted as 6 6 p Dq Dp the symmetry of the electric field which uses the center of p N ( q N ) as the reference point. In the following, we demonstrate that the normalized coupling
, which describes the coupling amplitudes and signs, is directly controlled by N for either q-type or p-type PC in the middle.
We start by considering the q-type PC as the coupling elements, namely 6 6 p Dq Dp
). Figure 2 (b) shows the transmission spectra of 6 6 6 p Dq Dp and 6 7 6 p Dq Dp (black circles). For both samples, we see two transmission peaks owing to two hybridized TIMs (S and AS). For the sample 6 6 6 p Dq Dp , S AS ω ω  such that 0 J  . While for the sample 6 7 6 p Dq Dp , S AS ω ω  such that 0 J  . In Figure 2 (c), the N-dependence of J for q-type PC case, which is extracted from experimental data, is shown by blue downward-pointing triangles.
We can see that J possesses a negative association with N , and the sign of J totally relies on the parity of N . For the samples 6
0 J  . This is because the accumulated phase for each unit cell is  .
We then explore J for the p-type PC as the coupling channel case, namely the samples 6 6 q Dp Dp N . The corresponding results are present as red upward-pointing triangles in Figure 2 (c), in which J has the same magnitude as that of 6 6 p Dq Dp N but with opposite signs for a given N. In order to confirm these results, we also plot the results calculated by COMSOL in Figure 2 (c), which shows good agreements with experimental ones. The sign of J is determined by the coupling between two TIMs.
More details of two coupled TIMs are provided in the section I of the Supplementary Materials.
Moreover, we investigate coupling effects for nonzero in-plane wave vector
). Figure 2 According to the previous analysis, the eigenfrequency of a single TIM is readily controllable, and the coupling (including signs and magnitudes) between two adjacent TIMs is highly tunable. All of these are sufficient for us to construct a 1-D topological superlattice analogous to a dimerized atomic chain, where we regard TIMs as photonic orbitals. The hybridization of them forms hybrid orbitals, which are referred to as super-modes here. As a consequence, we deliberately design an optical superlattice to create a periodic sequence of TIMs, which is built up of alternating structures of p m , A D , q n , and B D , as illustrated in Figure 3 (a). The i-th unit dimer with two sublattice sites A i and B i is defined as   What's more, a remarkable feature of our superlattice system is the adjustability of the coupling sign, since that m and n are simultaneously odd or even numbers leads to 
Here, † 
Here, we such that Δ 0  . We then measure the transmission spectra under normal incidence for these five samples to obtain locations of ω  . Figure 3 The consistency between the theory and experiments indubitably corroborates our idea that the CDP is separated into two WPs in the synthetic space with the frequency splitting equals 2 resulting from the nonzero x k . As a result,  can be treated as the effective Zeeman term, which increases with the enhancement of the "magnetic field" (that is, the increase of x k ). Note that varying x k has no effect on s c of both Topological end modes should come in pairs regardless of the value of Δ , but it is  that determines locations of these two end states in synthetic space. To make it clear, in Figure 4 the splitting increasing rapidly as x k increases, as revealed in Figure 4 (f) for the sample described in Figure 4(a) .
Section VI. Conclusion & Discussion
Our work presents a flexible strategy based on elaborately designed 1-D optical superlattices to realize CDPs in 3-D synthetic space. We demonstrate the highly superlattices, which can be manipulated with ease and hence be applied for local field enhancement in various realms [47] [48] [49] .
An impressive result achieved in our work is that the sign of the coupling can be either positive or negative. There are a variety of exotic phenomena emerging due to the mixture of positive and negative couplings between physical states [51] [52] [53] , which are always costly to realize in real space. The realization of such couplings in terms of our system is incredibly convenient and straightforward, showing a great advantage in applications. The geometric parameters m , n , A d and B d are specific in this work, as well as the refractive indexes of dielectric materials. However, all of these parameters can be flexibly controlled via existing experimental techniques [54, 55] , offering us the ability to continuously tune the coupling and the on-site frequency, namely, δ and  in synthetic space. Moreover, the topological notions can be extended to all frequency bands, and thus we are likely to study high-frequency physics of topology utilizing similar strategies. 
